Objectives: Pregnancy characteristics may influence the infant fecal microbiota during early life. We aimed to examine associations of maternal gestational weight gain with infant fecal microbiota composition, bacterial community richness, and Shannon diversity index. Methods: We analyzed data from a prospective cohort study of healthy infants. We collected prenatal data, including report of mother's gestational weight gain, and infant fecal samples from 84 infant-mother dyads. By applying 16S rRNA gene sequencing and an unbiased clustering by partitioning around medoids using Bray-Curtis distances, we identified 4 fecal microbiota profiles, and examined the associations of maternal gestational weight gain with the 4 fecal microbiota profiles, bacterial community richness, and Shannon diversity index. Results: Overall, the median age of infants was 4.0 months and 43% were girls. The mothers of the 84 infants gained a mean of 14.2 kg (standard deviation, 5.4 kg) during pregnancy. We identified 4 distinct microbiota profiles: Bifidobacterium-dominant (42%), Enterobacter/Veillonelladominant (23%), Bacteroides-dominant (19%), and Escherichia-dominant (17%). Infants whose mothers had higher gestational weight gain were less likely to have a Bacteroides-dominant profile, corresponding to a relative risk ratio of 0.83 (95% confidence interval, 0.71-0.96; P ¼ 0.01) per 1 kg increase in weight. In addition, higher gestational weight gain was also associated with lower bacterial community richness and Shannon diversity index (P < 0.05). Conclusions: In this prospective cohort study of healthy infants, maternal gestational weight gain was associated with the infant fecal microbiota profiles, bacterial community richness, and Shannon diversity index.
T he human intestine is colonized by trillions of commensal bacteria that serve varied physiologic functions, ranging from digestion of nutrients (1) to immune development and modulation (2, 3) . Recent evidence suggests that certain fecal microbiota in childhood can contribute to the pathogenesis of various disease states including obesity (4, 5) , diabetes (5) , and asthma (6) . During the first 3 years of life, the structure and composition of the fecal microbiota evolves to a more stable form (7) .
Emerging evidence indicates that the fecal microbiota during infancy is shaped by several prenatal and postpartum environmental factors (8) . Previous studies have found differences, at least in the short-term, in the infant fecal microbiota based on mode of delivery, initiation and duration of breastfeeding, and infant exposure to antibiotics (8, 9) . Another factor that may affect the infant
What Is Known
Fecal microbiota during infancy is shaped by several prenatal and postpartum factors.
Gestational weight gain appears to be associated with child health outcomes. The association between gestational weight gain and early infant microbiota is not known.
What Is New
Maternal gestational weight gain is associated with infant fecal microbiota profiles, bacterial community richness, and Shannon diversity index. The present study prompts further investigation into the potential mechanisms by which gestational weight gain modulates infant fecal microbiota and how these variations in microbiota correlate with long-term health outcomes. microbiota is maternal weight gain during pregnancy. Gestational weight gain (GWG) appears to be associated with several child outcomes including the development of asthma (10) and obesity and adiposity (11) . Few studies have, however, directly examined the relationship between GWG and composition of the infant microbiome (12) .
To address this knowledge gap, by examining the fecal microbiota in a prospective cohort of healthy infants, we aimed to determine associations of maternal GWG with infant fecal microbiota profiles, bacterial community richness, and Shannon diversity index.
METHODS

Study Design and Participants
We analyzed data from a prospective cohort study of healthy infants. The study design, setting, participants, and methods of data collection have been reported previously (13, 14) . Briefly, as part of the 43rd Multicenter Airway Research Collaboration (15), a multicenter prospective cohort study, we enrolled 120 healthy infants at Massachusetts General Hospital (Boston, MA) from November 2013 through April 2014. Inclusion criteria were age <1 year and gestational age !34 weeks at birth. Infants were excluded if they had comorbidities (heart-lung disease, immunodeficiency, immunosuppression, or chronic gastrointestinal disorder), had fever, respiratory illness, or gastrointestinal illness, or had been treated with antibiotics in the 7 days before enrollment. The present study was approved by the Partners institutional review board. Written informed consent was obtained from the parent or legal guardian.
Data and Fecal Sample Collection
Site investigators conducted structured interviews and medical record reviews to collect information on maternal and child demographic characteristics (eg, age, sex, race/ethnicity), family history, prenatal and past medical history (eg, mode of birth, gestational age, systemic antibiotic use), and nutritional/environmental characteristics (mode of feeding, daycare attendance) at enrollment and 2 years of age.
Infants' fecal samples were collected by parents at home using a standardized protocol (13, 14) . First, parents were instructed to collect diapers from their infant, which contained feces, and immediately refrigerate them. Within 24 hours, stool was returned to the study staff and immediately placed in sterile Sarstedt feces collection containers (Sarstedt; Nümbrecht, Germany) and stored at À808C. Frozen samples were shipped on dry ice to the Alkek Center for Metagenomics and Microbiome Research at Baylor College of Medicine, where samples were processed and the microbiomes were characterized using16S rRNA gene sequencing.
Primary Exposure
The primary exposure was maternal GWG. To assess GWG, parents were asked how much weight did the [child]'s biological mother gain when she was pregnant? Based on previous literature (11, 16) and the distribution of our analytic sample (n ¼ 84), we divided GWG into 3 groups: 11.9, 12.0-14.9, and !15.0 kg.
Outcome Measures
The primary outcome in the present study was infant fecal microbiota profile. Secondary outcomes were fecal bacterial community richness (the number of operational taxonomic units [OTUs] ) and the Shannon diversity index score. Shannon index is a measure of within-sample (alpha) diversity based on the sum of the proportion of each species relative to the total number of species in the community and therefore accounts for both abundance and evenness. (17) To examine the composition of the fecal microbiota, we applied a 16S rRNA gene sequencing approach. Detailed protocol for 16S rRNA gene sequencing has been described previously (18) and was based on methods developed for the National Institutes of Health Human Microbiome Project (19) . In brief, bacterial genomic DNA was extracted using MO BIO PowerMag DNA Isolation Kit (Mo Bio Laboratories; Carlsbad, CA). The 16S rDNAV4 region was amplified by polymerase chain reaction (PCR) and sequenced in the MiSeq platform (Illumina, San Diego, CA) using 2 Â 250 bp paired-end protocol. Sequencing read pairs were demultiplexed based on the unique molecular barcodes, and reads were merged using USEARCH v7.0.1090. (20) 16S rRNA gene sequences were clustered into OTUs at a similarity cutoff value of 97% using the UPARSE algorithm (21); OTUs were mapped to the SILVA database to determine taxonomies (22) . Abundances were recovered by mapping the demultiplexed reads to the UPARSE OTUs.
Quality Control
The microbial DNA extraction, 16S rRNA gene amplification, and amplicon sequencing used a set of controls to evaluate the potential introduction of contamination. Nontemplate controls (extraction chemistries) were included in the microbial DNA extraction process and the resulting material was subsequently used for PCR amplification. In addition, at this step, to evaluate the potential introduction of contamination, another set of nontemplate controls (PCR-mix) was included. Similarly, to evaluate the efficiency of the amplification process, a positive control composed of known and previously characterized microbial DNA was included. Before samples (unknowns) are pooled together, sequencing controls were evaluated, and the rejection criteria were the presence of amplicons in any of the nontemplate controls or the absence of amplicons in the positive control. As another level of quality control, both nontemplate and positive controls were included in the sequencing pool. The resulting sequence reads associated with the controls were examined. The acceptance criteria were an alignment of >99% of alignment of the sequence reads of the positive control to the expected bacterial genome, and <500 raw sequence reads in the nontemplate controls. In the present study, no amplicons were observed in the nontemplate controls and a negligible amount of reads were recovered after sequencing.
Statistical Analysis
We conducted microbiota analyses at the genus level because the bacterial DNA sequences in our sample were dominated by one OTU per genus (18) . To characterize the fecal microbiota profiles, we performed unbiased clustering by partitioning around medoids (23) using Bray-Curtis distances. The number of clusters chosen for the data was determined using the gap statistic (24) .
Next, we examined the associations of maternal GWG with infant microbiota profiles by constructing unadjusted and adjusted multinomial regression models with fecal microbiota profiles as the independent variable. We constructed adjusted models controlling for different sets of potential confounders: infant age (at stool collection), household income, delivery mode, lifetime history of systemic antibiotic use, and mode of feeding (breast-fed vs formulafed). These variables were chosen based on a priori knowledge of differences in microbiota composition (8, 25) . Given the relatively small number of infants, we included 2 covariates per model. We then determined whether the relationship between GWG and fecal microbiota profiles was modified by infant feeding status, that is, did infant microbiota profiles vary by GWG within the group of breast-fed infants (n ¼ 66) and within the group of formula-fed infants (n ¼ 18). In addition, to examine the association of maternal GWG with fecal bacterial community richness (number of genera) and Shannon diversity index, we used Spearman correlation and Pearson correlation, respectively. We conducted statistical analyses using R version 3.3. A 2-tailed P < 0.05 was considered statistically significant.
RESULTS
Study Population
Of 115 enrolled infants with fecal samples, we excluded 31 infants without maternal GWG data, leaving 84 (73%) eligible for the present analysis. The analytic and nonanalytic cohorts were similar in patient age, sex, race/ethnicity, prenatal and past medical history, and environmental characteristics (all P > 0.05). In contrast, the analytic cohort significantly differed from the nonanalytic cohort with regard to annual household income, infant systemic antibiotic use, mode of feeding, and alpha diversity index of fecal microbiota (all P < 0.05) (Supplemental Digital Content 1, Table, http://links.lww.com/MPG/A941).
Overall, the median age of infants was 4.0 months (interquartile range 2.0-4.7), 43% were girls, and 52% were nonHispanic white. The mothers of the 84 infants in the analytic cohort gained a mean of 14.2 kg (standard deviation, 5.4 kg) during pregnancy. Table 1 presents the infant and microbiota characteristics by GWG group. Most subject characteristics did not differ significantly across the GWG groups (all P > 0.05), although maternal GWG was related to primarily breastfeeding during the first 3 months postpartum (P ¼ 0.04). 
Gestational Weight Gain and Infant Fecal Microbiota
All 84 fecal samples had sufficient sequence depth to obtain high degree of sequence coverage (rarefaction cutoff, 1470 reads per sample). The fecal microbiota was composed primarily of 4 genera-Escherichia (23%), Bifidobacterium (23%), Enterobacter (20%), and Bacteroides (12%). Unsupervised clustering of fecal microbiota identified 4 distinct microbiota profiles ( Fig. 1) : Bifidobacterium-dominant profile (42%), Enterobacter/Veillonelladominant profile (23%), Bacteroides-dominant profile (19%), and scherichia-dominant profile (17%).
There was a negative linear relationship between the maternal GWG and likelihood of Bacteroides-dominant fecal microbiota profile in infants (P ¼ 0.01; Fig. 2 ). In unadjusted multinomial models, higher GWG was associated with a decreased likelihood of a Bacteroides-dominant microbiota profile in infants (Table 2) . Specifically, infants whose mothers had a higher GWG were less likely to have a Bacteroides-dominant profile than an Enterobacter-dominant profile, corresponding to an unadjusted relative risk ratio of 0.83 (95% confidence interval, 0.71-0.96; P ¼ 0.01) per 1 kg increase in weight. Although this relative risk was attenuated slightly, the associations remained significant in adjusted models (all P < 0.05; Table 2 ).
We also examined whether mode of feeding modified the association between GWG and microbiota profile. Although statistical power was limited, the stratified analysis suggested a nonsignificant association between GWG and likelihood of Bacteroides-dominant microbiota profile both in breast-fed (P ¼ 0.06) and formula-fed (P ¼ 0.21) infants (Supplemental Digital Content 2, Table, http://links.lww.com/MPG/A942).
In addition, infant fecal bacterial community richness and Shannon diversity index score differed by GWG group (Table 1) .
Infant microbiota of mothers in the lowest GWG group had significantly greater bacterial community richness and greater Shannon diversity index compared to infant microbiota of mothers in the middle and highest GWG group (both P ¼ 0.01). Similarly, in the correlation analyses, there were negative correlations of GWG with bacterial community richness (Spearman rho ¼ À0. 25 
DISCUSSION
The fecal microbiota of infants may be shaped by several factors during both the prenatal and postpartum periods (8) . In this analysis of a prospective cohort study of infants, we extend these prior findings by demonstrating that infants whose mothers had a higher GWG were less likely to have a Bacteroides-dominant microbiota profile. The association persisted after adjusting for different sets of potential confounders including child age at stool collection, delivery mode, exposure to antibiotics, and mode of feeding. In stratified analysis, mode of feeding did not significantly modify the association between GWG and microbiota profile. In addition, we found that higher GWG was associated with lower bacterial community richness and a lower Shannon diversity index score of the infant fecal microbiota.
Prior studies have begun to explore the environmental factors during pregnancy and early infancy that may influence the child's microbiome in early life (eg, mode of delivery, exposure to antibiotics, and mode of infant feeding (8, 9) ). Few, however, have Maternal weight gain during pregnancy (kg) 15 20 Proportion of infants with bacteroides -dominant profile directly examined the relationship between maternal GWG and infant fecal microbiota (12) . In a smaller study with 42 Finnish mother-child pairs, Collado et al used a quantitative PCR approach and found that the composition of infant fecal microbiota was related to both the mother's prepregnancy weight and GWG. Specifically, higher GWG was associated with lower concentrations of Bacteroides and higher concentrations of Clostridium histolyticum in infants at 1 month of age. Similar findings, although statistically nonsignificant, were observed for both bacterial groups in infants at 6 months of age (12) . The present study, which relied on 16S rRNA gene sequencing, further supports the relationship between higher GWG and a lower likelihood of Bacteroidesdominant fecal microbiota in a larger prospective cohort of US infants. Prior studies have also observed associations between GWG and maternal microbiota, noting differences in several genera such as Clostridium, Escherichia, Bifidobacterium, and Bacteroides (25, 26) . For example, Santacruz et al (26) found that normal weight gain during pregnancy is associated with increased abundances of Bacteroides, Bifidobacterium, and Akkermansia muciniphila in the maternal microbiota whereas excessive GWG is associated with increased abundances of Enterobacteriaceae and Escherichia coli. Furthermore, studies examining the relationship between GWG and infant outcomes have found that higher GWG is an independent risk factor for the development of asthma (10) and wheezing (27) , and increased body mass index (BMI) and adiposity (11, 28) in children. Taken together, these studies suggest that GWG may influence the fecal microbiota of both the mother and infant, and infant health outcomes.
The biological and metabolic significance of the intestinal microbiome during early childhood has been the subject of recent research. The literature suggests that Bacteroides serves vital functions including energy production (1, 29, 30) and regulation of intestinal immunity (2, 3) . In the human intestine, Bacteroides aid in the catabolism of complex polysaccharides which are ultimately broken down into short chain fatty acids which can be used as a significant source of energy by the host (1,29,30 ). In addition, Bacteroides species promote T cell and IL-10 production (2,3) . Depletion of Bacteroides in the intestine has been associated with development of asthma, allergies, and obesity (31, 32) . Other studies, however, have found positive associations between abundance of Bacteroides and disease morbidity, including increased risk of obesity (33) and bronchiolitis (18) . We also found that across GWG groups, Bifidobacterium-dominant profile was most common. Bifidobacterium have been previously shown to be the predominant microbiota in breast-fed infants (34) , consistent with the cohort of infants in the present study who were largely breast-fed. It is hypothesized that Bifidobacterium influence immune modulation and inflammatory status (12, 34) .
Increased bacterial richness and diversity are also considered ''protective.'' For example, increased alpha diversity of infant fecal microbiota has been linked to decreased risk of type 1 diabetes (35) and development of asthma (6). Riva et al (31) found that the alpha diversity of fecal microbiota in children ages 6 to 16 years was negatively correlated with BMI z score. In our study, we found that higher GWG was associated with decreased bacterial community richness and decreased Shannon diversity index scores of infant fecal microbiota. By contrast, some studies have found greater fecal bacterial richness and diversity to be associated with increased odds of certain disease states (eg, bronchiolitis, asthma) (18, 36) . Inconsistencies among studies may be attributable to the differences in study design, population, methods for data collection and microbiome analysis, and outcome definitions-issues that are challenging to account for across studies (29) . Further research examining not only the microbiome structure, but also the metagenomics, metatranscriptomics, and metabolomics, is warranted to gain a more complete understanding of the functionalities of fecal microbiome and how they relate with long-term health outcomes in children (37) .
The findings from the present study, along with previous studies, collectively suggest that maternal GWG may influence the composition and diversity of the infant fecal microbiota. The mechanism through which GWG affects the infant gut microbiome, however, remains unclear. One possible explanation is that GWG may alter the microbiome of the mother, which is ultimately transferred to the neonate. Indeed, emerging evidence has shown that weight gain during pregnancy is associated with differences in the composition of maternal fecal microbiota (25, 26) and that microbial transfer to offspring may begin in utero (38) .
Potential Limitations
There are several potential limitations of our study. First, maternal GWG was measured by self-report as opposed to independent observation, and thus there is a possibility of recall bias. Second, 27% of infants did not have maternal GWG data, and this absence is a potential source of bias. In particular, we found that despite offering mail-in survey collection and remuneration to families who completed the survey, the analytic and nonanalytic cohorts differed by annual household income. We also did not have access to the mother's prepregnancy BMI and were therefore unable to categorize GWG based on the Institute of Medicine's BMIspecific recommendations for GWG (39) . Even if we had this information we, however, would have likely not had a large enough sample to permit this multilevel stratification. Third, as with any observational study, the observed associations do not prove causality. The relatively small sample size also precluded us from adjusting for all sets of potential confounders; however, the significant association persisted even after we controlled for clinically important covariates. Fourth, participants in this analysis were recruited from a single primary care clinic in an urban area; therefore, these results may not be generalizable to other populations. Finally, this study included infant microbiota data from the first year of life, so it is not known whether these differences in microbiota will persist in later childhood. To address this important question, the study cohort is being followed longitudinally to age 6 years with fecal specimen sampling at multiple time points.
It is important to note that although the present study found that higher GWG was associated with a lower likelihood of Bacteroides-dominant microbiota profile, and lower bacterial community richness and Shannon diversity index, these findings are not meant to suggest that mothers should aim to dramatically limit or avoid weight gain during pregnancy. There is currently no known optimal weight gain during pregnancy, although recommendations range from approximately 10 to 20 kg (16) . Some weight gain during pregnancy is important for the health of the developing fetus and should be encouraged.
In summary, based on the data from a prospective cohort of healthy infants, maternal GWG was associated with differences in the composition of infant fecal microbiota. Particularly, higher GWG was associated with a lower likelihood of a Bacteroidesdominant microbiota profile, and lower bacterial community richness and Shannon diversity index. Although the clinical significance of this association is not yet known, the present study prompts further investigation into the mechanism through which GWG modulates the infant fecal microbiota and the metabolic implications of distinct microbiota profiles in infants. Understanding how prenatal environmental and behavioral factors shape the early infant fecal microbiota, and how these microbiota affect child health outcomes, may help us develop strategies (eg, microbiome modulation) to promote child health during pregnancy.
